Abstract. Vehicle vibration is an important measurement item in catenary inspection on high-speed railways. However, it is a difficult task for the accurate measurement of vehicle vibration, due to the complicated dynamic vibration of trains relative to tracks on different inspection conditions. In this paper, the dynamic vehicle vibration and measurement model are analyzed in detail, and a measurement system is proposed based on the analysis results. The expected measurement accuracy is finally verified in experimental test.
Introduction
Catenary (which is also called "overhead contact lines") is the infrastructure along railways which supplies power for the trains [1] . Regular inspections are necessary on catenary in order to guarantee the stable power supply and avoid railway operation accidents. Among the various inspection items, catenary geometry is one of the most important one, which means the position of contact wires relative to tracks. "Height" means the vertical position of contact wire relative to the track surface plane; "stagger" means the horizontal position of contact wire relative to the center of two tracks.
Catenary geometry is usually measured using inspection device mounted on the roof of inspection car. Since the original measurement data we get from the inspection device are relative to the roof of inspection car, a coordinate transformation is necessary in order to get the position of contact wire relative to two tracks. However, it is very difficult to achieve an accurate coordinate transformation, as a result of the complicated dynamic vibration of trains relative to tracks, which is called "vehicle vibration" in the catenary inspection field [2~4] . Actually, the measurement accuracy of catenary geometry mainly depends on the performance of vehicle vibration measurement.
In this paper, a measurement system is proposed and tested based on the analysis of dynamic vehicle vibration and measurement model. The vehicle vibration and measurement model is discussed in Section 2. The accuracy required on each measurement item is analyzed in Section 3. Experimental results are showed in Section 4. Then we draw the conclusions in the last section.
Vehicle Vibration and Measurement Model
Vehicle vibration can be modeled as illustrated in Figure 1 . The denotations in Figure 1 are described as follows. 
The original data measured by the inspection device on the roof are in coordinate system 1 Φ . However, height and stagger are relative to the track surface plane, which should be in coordinate system 4 Φ . The dynamic space relationship has to be measured between the roof plane 1 L and the track surface plane 4 L , in order to complete the coordinate transformation from 1 Φ to 4 Φ . It is known that the following relationships exist between the above planes:
Obviously, there is origin shift and coordinate rotation between 2 Φ and 3 Φ . In fact, there is also dynamic horizontal shift between 3 Φ and 4 Φ , which is called "crawl vibration". However, crawl vibration is omitted here since the offset is very small compared with that between 2 Φ and 3 Φ . Based on the above analysis, it can be seen that the main dynamic displacement to be measured is that between 2 Φ and 3 Φ , since the other displacements are all fixed values which can be measured beforehand.
Considering the measurement feasibility in practice, three displacement sensors are mounted on the inspection car to measure the following values: 
Error Analysis
Let us denote the coordinates of contact wire as ) , ( 3) the absolute value of the rotation angle from 3 Φ to 2 Φ is no more than 6 , i.e., 6 6 -≤ ≤ θ ; 4) the absolute value of stagger is no more than 625mm , i.e., 625 625 -1 ≤ ≤ s ; 5) the height is no more than 6600mm , i.e., 6600mm 4 ≤ h ; 6) the height of the inspection car 00mm. 5 3 1 ≤ H For the final measurement error of 4 s , it can be analyzed as follows,
From Figure 1 and the normal diameter of wheels on high-speed trains, it can be known that 
Experiments
Based on the error analysis in Section 3, we perform vertical distance measurement between bottom of car and bogie axles on both sides, with a measurement error lower than 1mm; and horizontal distance measurement between the car and the bogie, with a measurement error lower than 2mm. The measurement system was mounted on comprehensive inspection train and tested on high-speed railways such as Beijing-Shanghai, Hangzhou-Changsha. The final measurement errors of height and stagger are separately illustrated in Figure 2 and Figure  3 . We can see that the requirements on measurement errors of stagger and height are both satisfied. 
Summary
The vehicle vibration on high-speed railways and the relative measurement model are analyzed in this paper, and the final measurement performance is achieved as expected, based on the analysis results.
We can see that the measurement error of catenary geometry is more sensitive to the measurement accuracy of vertical distance between bottom of car and bogie axles. More attention should be paid on the vertical distance measurement in the vehicle vibration measurement on high-speed railways.
